Micro-dies with five steps were fabricated by machining with the focused ion beam (FIB) process using two types of WC-10%Co cemented carbide with a WC grain size of 5 µm and 0.5 µm. The surface roughness of the dies was investigated by atomic force microscopy (AFM). In the coarse-grained cemented carbide, the surfaces of the WC phase were very smooth. However, those of the Co phase were rough, particularly near the interface. In the fine-grained cemented carbide, the surfaces were smoother on the whole and the irregularities of roughness were smaller compared with the coarse-grained cemented carbide, but some voids of about 0.5 µm, almost the same size as the WC grain, were observed.
Introduction
The development of high-performance microdevices and micromachines is desired to promote further progress of information, bio, medical, and environmental technologies. It is important to establish microfabrication techniques for this purpose. To date, many microdevices have been machined by the LIGA process. [1] [2] [3] [4] [5] [6] The microforging process has recently been proposed as a new microfabrication method. [7] [8] [9] The microforging process can lead to mass production of microdevices.
Precise micro-dies are required for the microforging process. WC-Co cemented carbide is one of the materials considered suitable for precise micro-dies because of its high strength, high stiffness, and high toughness. However, microforming of WC-Co cemented carbide cannot be performed by the LIGA process. Recently, a fabrication method using a focused ion beam (FIB) process for metals has been reported. 10, 11) The FIB process may be an effective microfabrication technique for the production of micro-dies of WC-Co cemented carbide, because most materials can be machined by FIB utilizing the sputtering phenomenon. Up to now there have been only few data on the machining of WC-Co cemented carbides by FIB, 12) although there have been several reports on machining by ion shower beam. [13] [14] [15] It is known that rough surfaces cause a significant reduction in the service properties of microcomponents. 16) Because the sputtering rate is affected by the microstructural properties, 10, 11) the surface roughness of a WC-Co cemented carbide micro-die machined by FIB will also be affected by the microstructures. Therefore, it is important to investigate the relationship between the microstructures and the surface roughness of a WC-Co cemented carbide micro-die machined by FIB in order to achieve better service properties by limiting irregular roughness of surfaces. In the present study, WC-10%Co cemented carbides with a WC grain size of 5 µm or 0.5 µm were machined by FIB to fabricate micro-dies and their surface roughness was investigated by atomic force microscopy (AFM).
Experimental Procedures
Two types of WC-10%Co cemented carbide with a mean WC grain size of 5 µm (coarse-grained) or 0.5 µm (finegrained) were prepared. The hardness of the fine-grained cemented carbide (1908 Hv) was much higher than that of the coarse-grained cemented carbide (1099 Hv). On the other hand, the elastic modulus of the fine-grained cemented carbide (560 kN/mm 2 ) was almost the same as that of the coarsegrained cemented carbide (550 kN/mm 2 ). Columnar holes with five steps were obtained by machining with an SMI2200 FIB device (Seiko Instruments Inc., Japan), using Ga ions with an energy of 30 keV and a current of 187 pA. Their surface roughness was then measured by an SPA300/SPI3800N AFM (Seiko Instruments Inc., Japan).
Results and Discussion
Scanning ion microscopy (SIM) micrographs of the cemented carbide micro-dies with five steps machined by FIB are shown in Fig. 1 . The diameters of the columnar holes with five steps were 10, 8, 6, 4, and 2 µm respectively. Their total depth was about 1 µm and the depth of each step was about 0.2 µm. The gray and white regions seen in the figure are the WC phase and Co phase, respectively. There are some large Co pools in both cemented carbides, measuring about 5 µm and 0.5 µm in the coarse-grained and the fine-grained cemented carbides, respectively. In the coarse-grained cemented carbide, the surfaces of the WC phase are very smooth but irregular roughness is observed on the surfaces of the Co phase and on some surfaces near the WC/Co interfaces. Near the interfaces, severe irregularities are observed even on the surfaces of the WC phase. In the fine-grained cemented carbide, on the other hand, the surfaces are smooth on the whole and the irregularities are smaller compared with the coarsegrained cemented carbide. However, it should be noted that some voids are observed in the fine-grained cemented carbide, measuring about 0.5 µm. A 3D AFM image and cross-sectional profiles of the coarse-grained cemented carbide micro-die are shown in Fig. 2, where (a) is the 3D AFM image, (b) is the crosssectional profile of line 1 located at the WC phase, (c) is that of line 2 located at the Co phase, and (d) is that of line 3 located at the interface. The maximum surface roughness R z is 2.6 nm for the WC phase, 112.8 nm for the Co phase, and 279.1 nm for the interface. Clearly, the surfaces of the WC phase are very smooth. However, the surfaces of the Co phase are rough, particularly the surfaces at the interface. It is noted that the sputtering rate of the WC phase near the interface is enhanced by the presence of the interface.
Residual stress may be caused around the interfaces due to the large difference in thermal expansion coefficient between WC (6.2×10 −6 K −1 ) and Co (12.5×10 −6 K −1 ). 17) Therefore, severe irregularities of the surfaces near the interface, that is, enhancement of sputtering by the presence of the interface, are probably attributable to residual stress.
A 3D AFM image and cross-sectional profiles of the finegrained cemented carbide micro-die are shown in Fig. 3 , where (a) is the 3D AFM image, (b) is the cross-sectional profile of line 1, and (c) is that of line 2 through a void. The value of R z for line 1 is 23.4 nm. Clearly, surface irregularities of cemented carbides processed by FIB are reduced by WC grain refinement. This trend is the same as the result reported by Miyamoto. 14, 15) The surface roughness of cemented carbides processed by FIB is strongly affected by the Co phase and the interface. Therefore, the reason for improvement of roughness by WC grain refinement is that the width of the Co phase in the fine-grained cemented carbide is much smaller than that in the coarse-grained cemented carbide. However, some voids are observed in the fine-grained cemented carbide. The maximum depth of the voids is 241.4 nm. This is as large as R z of the largest irregularities near the interface in the coarse-grained cemented carbide.
It is of interest to note that the void size in the fine-grained cemented carbide is almost the same as the WC grain size or the Co pool size. It is well known that the sputtering rate is affected by the crystal orientation.
18) Therefore, void formation may be related to enhancement of sputtering at the WC grains with the crystal orientation where the sputtering rate is high. Alternatively, the Co pools may be responsible for void formation.
The fine-grained cemented carbide showed higher hardness and smoother surfaces on the whole compared with the coarse-grained cemented carbide. This confirms the importance of refinement of WC grains for high-performance cemented carbide micro-dies. However, voids whose depth is as large as R z at the interface in the coarse-grained cemented carbide were formed in the fine-grained cemented carbide (= about 240 nm for a total depth of 1 µm). A surface roughness of less than one-tenth the microcomponent dimension is generally considered to be necessary for microcomponents. To reduce surface irregularities, preparation of cemented carbide with finer WC grains, selection of crystal orientation of the WC, and uniform distribution of the Co phase are required for the FIB process.
Summary
Micro-dies with five steps were fabricated by machining with FIB from two types of WC-10%Co cemented carbide with 5 µm and 0.5 µm WC grain size. In the coarse-grained cemented carbide, the surfaces of the WC phase parts were very smooth while those of the Co phase were rough, particularly those near the WC/Co interface.
In the fine-grained cemented carbide, the surfaces were smoother on the whole and the irregularities were smaller compared with the coarse-grained cemented carbide, but some voids of about 0.5 µm were observed.
